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SYNOPSIS 


Several attompto h.avo been made in the past to analyse 
the wire drawing oporo.tion but most of those theories have 
been worked out for dry friction conditions assujning 
constant and uniform coefficient of friction throughout 
the die-work interface. In the present work, an attempt 
has been mad to propose ti hydrodyna .lic model of 
drawing incorporating the effects of lubrice.tion, friction, 
strain, strain-rate, temperature and redundant work. The 
principle of minimum energy production rr.te has been used 
to evaluate minimum film thickness. 

The theoretical results indicate thra the apparent 
coefficient of friction incroa,sos with iiic2xja.se in semi-- 
dio-angle but decreases with increase in reduction. Results 
show that there exists an optimum die-anglo which gives the 
minimum drawing stress. This optima 1 dic-argle, however, 
depends on reduction. The optimum die— angle appears to 
increase linoarlj'" with increase in reduction, in the p 279 .ctical 
range of reduction, when stixiin, strain— rate and temperature 
effects are inco2:T) orated. 

Comparison with published experimental results shows 
reasonably close agreement. 



CHAPTER I 


lETRODUGTIOir 


1.1 Introduction ; 

In wire drawing operation, the wire is generally 
% 

pulled through a number of dies. While passing through the 
die (Pig. l.l), the wire deforms plastically in the contact 
zone and reduction in diameter is achieved. The cylindrical 
portion of die, called the bearing zone, is provided for the 
dimensional stability of the product ^ although it results in 
additional frictional loss. To reduce the frictional 
losses and increase the life of die, lubricants are used. 
Phenomenons occurring inside the deformation zone are very 
complex and are still not clearly understood. 

1.2 Lubrication and Friction in V/ire Drawing ; 

As the wire passes through the die, there is relative 
motion between the wire and die surface which causes sliding 
friction. The primaiy mechanism of friction is recognised as 
the formation and rupture of minute bridges between asperties 
of sliding surfaces. The function of a lubricant is to separate 
the sliding stirfaces by a thin film, thus reducing the metal to 
metal contact, the film itself being easily sheared. This 
phenomenon, according to the film thickness could be classified 
into two extrane types: boundary and hydrodynamic lubrication. 
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Bo;mdary layer lubrication is said to prevail when 
the film thickness is only one or t>ro molecular layer thick 
and it takes place under high normal pressures and low 
sliding speeds [l]. Friction is influenced hy the nature 
of the underlying metal surface and chemical nature of the 
lubricant, but not by the bulk properties of the lubricant 
such as density and viscosity. 

In hydrodynamic lubrication, the lubricant film is of 
appreciable thickness such that it completely separates the 
sliding surfaces and resistance to sliding motion is entirely 
due to viscosity and other bulk properties of the lubricant. 
It takes place when the pressure developed between the die 
and wire due to the lubricant film is sufficient to keep 
the sliding surfaces apart. The required condition for 
building up such an oil wedge prevails at high speeds. The 
typical friction-velocity curve [l], at a given pressure, for 
a pair of sliding surfaces capable of hydrodynamic lubrica- 
tion, is shown in Fig. 1.2. After a critical velocity, 
hydrodynamic lubrication takes place. Besides this, it, also 
depends on the pressure, viscosity, surface roughness and 
sliding geometiy. Vhen wire is passed through pressurised 
chamber, the hydrodynamic effect does not depend entirely 
on the speed, viscosit:^, or chamber or tube length [2]. 

■ In this case, the flow of lubricant at sufficient pressure 
ensures the existence of hydrodynamic boundary layer 


lubrication. 
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Experimental observations [3] have established the 
fact that the amount of the lubricant xrhich passes through 
the die is often much greater than that corresponding to a 
molecular thiclcness of the kind which covers the surface under 
boundary layer lubrication conditions. Moreover, there 
exists appreciable electrical resistance bet^-reon wire and 
die and it increases with increase in the drawing speed. 
Christophers on and Haylor [3] estimated the oil film thick- 
ness to be of the order of 10“^ cm. Wistreich [4] has also 
discussed the existence of full fluid film lubrication. Those 
experiments lead to the conclxosion that hydrodynamic lubrica- 
tion condition exists after a critical speed. 

For a given set of wire drawing conditions, the drawing 
stresses etc. can be calculated by assuming a constant and 
unifoimi coefficient of sliding friction between the wire and 
die surfaces. Results obtained, however, show significant 
deviation in the coefficient of sliding friction [5]. Therefore, 
the coefficient of friction must be derived either from test 
results or through analytical methods, ^fistreich [6], Yang [7]' 

, have estimated the coefficient of friction under dry 
friction conditions. Under hydrodjrnai lic lubrication, the 
coefficient of friction varies significantly with speed, 
viscosity, die-angle , reduction and other bulk properties 
of the lubricant [2], Due to frictional losses, there is rise 
in the bulk temperature which can affect the bulk properties 
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of the lubricant. At speeds belovr the critical speed where 
hydrodynamic lubrication is not achieved, the roughness or 
the asperties are the main cause of friction. 

Crook [8] has shown that for sliding speeds of 
70-500 in/sec. the thiclaiess of the lubricant film formed 
between clastic discs rotating about parallel axes and 
subjected to pressure varied from 1 x 10~^ to 2 x 10*"^ cm, 
when the discs surfaces arc ground and lapped. He further 
reported that full fluid film was established duo to the 
tendency of the fluid viscosity to rise rapidly with increas- 
ing pressure. Shaw and I-Iack [9] have showed that the visco- 
sity of the mineral oil may be increased by a factor of 
over 100 when the pressure is raised from 1 to 4000 atmosphere. 
They further reported the exponential fall in viscosity 
with rise in temperature. This effect may bo dependent on 
the residence time also. In case of wire drawing, the visco- 
sity at average pressure can be taken to avoid any further 
complexity in the calculation. 

1 . 3 Defo rTiiat ion of ijro Materia.! i 

Ifith increasing drawing speed, the rate of straining 
of the wire material will increase. Also the level of flow 
stress curve tends to increase with increasing rate of 
strain [10]. The stress-strain curve of the metal is also 
sensitive to temperature, the yield stress falling with 
increasing temperature [10] . 
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Wistreich. [6] has roportod an extensive experimental 
study to determine the effects of reduction and cone angle 
on the drawing stress. After drawing the wire through 
succession of dies and testing the wire specimens at 
various stages, significant strain liardening effect was 
observed. The operation takes place at very high speeds and 
therefore, high strain rates are involved in the process. 

When a material is deformed at a temperature below its ts. 
rccrystallization temperature, it docs strain-harden [10], 
Alder and Phillips [ll] have reported the strain-hardening 
effects for various materials and calculated the strain-rate 
sensitivity coefficients for a range of temperature ' and 
reduction assuming that the ludwik’s power law [12] holds. 

The stress-strain curve for copper at 750°C at strain rate 
of 12,9 sec~^ showed a drop in s’^iold stress above 40 percent 
reduction, indicating that softening and strehn-hardoning 
were in balance in this range [H], In case of aluminium, 
the stress-strain curve showed a marked strain-rate effect 
at room temperature and continuous rise at all temperature. 

Due to frictional heating in the deformation zone and 
irreversible plastic deformation of the wire material within 
the deformation zone, the temperature of the material rises - 
Some of the heat generated will be carried away by the lubri- 
cant. Purther, if the residence time of the metal in the zone 
of deformation is sufficiently short (of the order of few 
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microsocoiids ) , xiio offocb of ■fcra.nsioiit "tGiapeira.'fcurG rise 
during deformation may bo insignificant a.nd the thonaal 
softening effect within the dcfoniation zono will probably 
bo small as compared to strain-rate effects [13]. 

b^istreich [6] reported in his work on wire drawing 
that the wire radius contracted at the exit to a size smaller 
than the die radius. If hydrodyna;.iic lubrication prevailed, 
then this size difference is the lubricant gap. Tattersall [23] 
points out the possibility of forcing a lubricant film to 
enter the interface and completely separate the deforming 
material from the die in the wire drawing. 

Due to various combinations of the factors (reduction, 
die angle, friction, properties of material etc.) affecting 
the drawing of the wire, lot of manufacturing defects surface 
out. Snake skin formation, chevroning, dead zone formation, 
bulging and contraction, shaving etc. are the consequences of 
such combination of variables. Because of the undesirable 
combinations of variables, there is considerable gap betvreen 
the practical results and the theoretical results. 

1 • 4 Hydrody namic Mo dels ; 

Hillier [14] assumed the film thickness under hydro- 
d5mamic lubrication conditions in the bearing zone and 
projected this thickness of the film of the lubricant in 
the deformation zone. Through volume constancy of the 
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flowing lubricant;, ho ostimaiod the thickness of the film 
in the deforration zone. After cs^lculating m 1 the energy 
losses and applying the principle of minimum energy^ he 
calculated the assumed thickness of the film. In this analysis, 
he accounted for the bearing zone losses also. 

Bodi [ 15 ] assumed the exponential variation of the 
film thickness T/n-th change in diameter as exponent in the 
deformation zone. Ho calculated the two constants using volume 
constancy and the principle of minimum energy production rate 
as the conditions. Only the deformation zone was considered 
in his analysis and the results were projected foh constant film 
thickness of the lubricant. In calculating the work done 
during plastic deformation of the wire, he accounted only for 
the redundant work and strain-hardening and not for the strain- 
rate hardening and temperature effect. 

1 . 5 Pres ent ¥orki 

Most of the previous attempts to analyse the wire- 
drawing operation have boon carried out for dry conditions. 
Further, the coefficient of friction along the die and work 

t 

surface has boon assimed to bo constant and uniform throughout 
the interface. 1 few investigators have tried to incorporate 
the effects of lubricant. Most notable of these attempts has 
boon due to Bcdi [15]. In the present work, an attempt has 
been made to present an analysis of wire drawing operation 
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considering the effects of lubrication, friction, strain- 
hardening, strain-rate, tenporature and rodmdant work. 

The basic formulation, proposed by Bodi [15] has boon 
adopted with certain modifications. Theorotical results 
have been obtained to study tlio variation of coefficient of 
friction, film thickness, drawing stress, optimum die angle 
etc. with drawing speed, dio-anglo and reduction. 



CHAPTER II 


THEORETICAL AHALYSIS 


2 » 1 In t rp d uc: t:l Oil ; 

As discussed earlier, there are various parameters 
that significantly affect the wire drawing operation. In a 
typical ''rire drawing operation considered here, a wire of 
diameter pulled through a conical die and is reduced 

to diameter D 2 (Eig. 2.1). In the presence of hydrodsmamic 
lubrication, the die“Work interface is separated by a 
lubricant film of thickness H. Depending upon the input 
conditions (die-anglc, reduction, drawing speed etc.) the 
output values such as drawing stress, separating force, etc. 
could be evaluated. In order to simplify the analysis 
several simplifying-^ assujnpiions have been made. 

2 » 2 Basic Assiunpt i cn-^ ; 

(a) Eor If ire Material; 

(1) The material is homogeneous, isotropic and 
plastically incompressible. 

(2) Elastic strains in the material are negligibly 
small as 


compared to plastic strains. 


10 


(3) The flow of th.e mtorial takes place under 
isotherm.1 conditions through out the plastic 
deformation zone^i.e. , there is no temperature 
gradient in the plastic zone. 

( 4 ) Yield and flow are independent of the hydrostatic 
component of the stress. 

( 5 ) The material obeys the von-i-Iises yield criterion 
and its associated flow rule. 

(b) For lubricant: 

(1) Fluid is incompressible and Newtonian. 

(2) The flow is laminar and viscous. 

( 3 ) Inertia effects are negligible as compared to 
other forces. 

( 4 ) The flow occurs imdor isothcimal conditions. 

( 5 ) There is no change in the physical properties 
of the lubricant due to rise in temperature of 
the defoliation zone. 

(6) The lubricant viscosity is independent of the 
variation in pressure along the dic-wiro 
interface. 

2 . 3 Additional Assumption s; 

(i) During deformation of the wire, a plane section of 1iie 
wirG remains plane and the defoliation of a plane element 
is homogeneous. 
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(ii) Tield is independent of surface shear stresses. 

There exists complete hydrodynamic lubrication between 
wire and die and the film extends over the entire interface. 

(iv) The inner surface of the die and outer surface of the 
wire are comparatively smooth. 

(v) The thickness of the oil film is small in comparison 
to the diameter of the wire. 

2.4 Application of the Minimum Energy Production Bate Principle : 

The assumptions made are essentially the same as 
mentioned above, together with additional simplifying assump- 
tions as follows; 

(i) The lubricant viscosity in the wire and die gap is 
independent of the variation in the pressure along the die 
surf ac e . 

(ii) The effect of pressure gradient along the inner face 
of the die has negligible effect on the surface shear stress. 

(iii) Coefficient of friction is dependent on the oil 
pressure , 

(iv) Coefficient of viscosity of the lubricant does not 
change significantly during drawing. 

Bedi [ 15 ] obtained the film thickness by invoking 
the principle of minimum energy production rate. As the 
thickness of the film increases the rate of shear work, 
of the lubricant tends to decrease, but at the same tine the 
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sizG of tho outgoing wire decreases thereby increasing the 
rate of plastic work, ip. This implies that there has to 
be a nixiiijiuQ thickness of the oil film at 'vdiich tho rate of 
total energjr dissipation will bo mininum. This can be calcu- 
lated by differentiating the total energy dissipation with 
respect to tho thickness of the film, H 2 ,i.e. , 

= 0 

2 . 5 Analysis ; 

Neglecting the redundant work for the time being, the 
tensile stress at section X as shown in Fig. 2.1 is well 
known under the above mentioned assumptions and is given by [16], 

dcr __ 

— ~ + (J Cot a) o = (1 + 5 ^ » (1) 

do P ^ P 

where a is tho semi-die angle, o is tho generalised strain, 

T is the shear stress,- p is tho pressure of the lubrica.nt 
and cr is tho goncialised yield stress. 


In this case, 

Ai 

o = * In (— ) , 


( 2 ) 


Where e, is tho strain at cross-section X ,• A, is the cross- 

SI “I" 

sectional area of 'the entering wire and A is the cross- 
sectional area of the wire at cross-section X . 
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IhG ond conditions for equation (1) arc: 

At entry ; 

~ »’ G 1 = 0 » 

At exits 

0^ = ±2} e = 02 = In (^). (3) 

Here tj^ and ±2 ^-ro tlio back and front drawing stresses, 
respectively, 62 is the generalised stre.in at the exit and R 
is the reduction. 


For a fully developed Newtonian laninar flow of the 
lubricant between the die and work, and assuraing the taper 
of the lubi’icant wedge to bo shalloTj, the generalised 
Reynold's equation [17] is. 


1 

2 


Hu 


j£ ^ 

12p ds 


Q 


(4a) 


' Hi 

where Q is the voluno flow rate of the lubricant, 

u is the velocity of the lubricant along tapered surface, 
H is the film thickness, 

T) is the viscosity of the lubricant and 
s is tht. distance from entry, along the tapered surface. 


For incoapresc-ible fluid. 


5q 

Bs 


0 . 


{4b) 
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Pinkus and Stomlicht [17] have showed that the 
surface shear stress on the wire mtcrial due to viscous 
shearing of the lubricant ca.n be cva.lua.ted front, 

X = n§ + . (5) 


Por very small va.lues of H, this osjjression can bo further 
simplified as. 


T 



n 7 

H Cos a 


5 


since u 


Y 

Cos a ’ 


whore, V is the drawing speed. 
Also the condition of incompress 


( 6 ) 

(7) 


ibility of the material gives 
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k^Y^ = AV = A2V2 , 
or = D2’^2 » 

whore subscripts 1 and 2 indicate the value , of parameters 
at entry and exit, respectively. 

2 . 5 .1 Princi ple o f Mi nimum Energy Production_jfeto: 

As pointed out earlier, under the conditions assumed, 
the principle of minimum energy production rate can be 
expressed as, 


3 

aH2 



(9) 


Por homogenoon^ 


defoimation, the rate of plastic work is 
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t = S d 2 -p. f - 

p 4 2 ''2 cy do . (20) 

For incorporc.ting the effect of rc-duiidaiit work, e is replaced 
ly G _ fo, Wiiero f is known as the redundant work factor. 
Rowe [^18] xroiked out che value of this factor for n range 
of notals and lubricants, based on the work of Johnson [12]. 
Rowe [18] has suggested that this redundant work factor 
can be Gxprossed in terns of reduction as, 

f = 0.87 + Sin a . (11) 


Therefore, after including the redundant work, equation (10) 


reduces to, 



Tt 

4 




a dc , 


( 12 ) 


whore , 


"1 


D. 


= f 02 = f In(^) = -2 f In (^). 


1 


Therefore , 




^H2 - 4 ^2 ^2 L ^ ] dl^ 


9 _ <^Go 

TC Tv ^ TT j-x ^ 

= 4 2 ''2 ^2 dl ^" * 

where 03 is the generalised yield stress at exit, 

Row, 


de2 

dH2 “ 31^ * HeJ" 


de2 dD2 dc2 

= - 2 » 


( 13 ) 


( 14 ) 


(15) 
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and equation ( 13 ) gives, 

^^2'' 2f 

^2 " " ^ ‘ 


(16) 


Using equations ( 15 ) and (16), equation ( 14 ) reduces to, 




(17) 


Tlio total rate of shear work, , for the lubricant 


can be evaluated fron 


= I a D T u ds . 


(18) 


Using Pig. ( 2 . 1 ), ds can be evaluated and is given by, 

ds = -( ^ Cosec a dU + Cot a dH) . (19) 


Therefore, fron Equations (7), (18) and (19) 


^ ,.2 


t. 


J 2 71 D T] V 


2 — Cosec a + Cot ct ^ ] dD. (20) 


H Cos a 


Bedi [ 15 ] bad assuined exponential variation of the film 
thickness with exponent as a constant nultiplied by the 
difference in the diametor. Here, however, a lisiear variation 
of the filn thickness will bo assumed for simplifying the 
analysis. Thus the filn thickness can be evaluated from, 

H = H 2 [1 + C (D - Dg) ], (21) 

where C is a constant and 

H 2 is the thickness of Iho film at the exit of the die. 
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and H = H^, 


Also at the entrance 
D 

Therefore ; 

Hn 


g = 1 + C (D^ - D2^ 

2 


( 22 ) 


Por vory.sraall film thickness (H) and largo periphcrea 
velocity (u) in equation (4a) the tlou ra-to can to approxlnated 

hy» 

Q ^ ^ Hu, 

or = H2f2 = HV = Q, (23) 

whore V Is the average velocity ot the lutrioant at any Section. 
Therefore, from equations (7), (8) and (23), 


H 


1 




1 

(1-R) ' 


(24) 


How 0 


quatlons (22) and (24) give , 


(-^) 


1 


(25) 


^2 V 1-R ” ^ ^ 

Also, from equations (2l) a.nd (25) 


R 


H = Hp [ 1 + i_R 


(D - 1)], 


(/S 


1) 


or 


H 


He 


[1 + 0, (B - 1)1 


(26) 
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where , 


a 


and 


_R 

l-R • 


^/1-R ~ 


(27) 


D = D/D. 


Dhoreforc, fron equation (26), 


1 

H dD 


C1/D2 


1 + C. (D-1) 


(28) 


Substituting equations (26) and (28) in equation (20), 
the rate of shee.r work is. 


¥ 


s 


= -i 


Do Tr 2 

2 IT D T q 


' r 1 „ , Cos g 1 M 1 /in 

n '■ L 2 H Sin a Sin a * H dD -* 

Cos a 


or 


I'J, 


” -'1 4 4 ,-i 


T-T 


^H~ '"^2^ ' 

2 Cos a Sin a ^^2 


(29) 


where . 




v/l/(l-R) 


J 


1 


1+ C, (D-1) 


dD, 


which ca,n be rewritten as. 


¥ 


1 


^ . / Th'p ~ _ 2 ^1 ^1-R ( 30 .) 


L^l-E 


n 


'1 


and. 




\/l/.(l-D) 


D 


^ ■ .. l+C^ (D-1) 


2 Cos a C. 
: 


dD , 
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or, 


-2 



Cos a 



(31 ) 




Mow, fron equation (29), 


= . 2 . ^ ^2 ^ 
^^2 ^ Cos^ a Sin a 

E(luatlons (9), ( 17 ) and (32) give, 
a Up 3«3 

-f — p _ n 

3^2 ’ 


or . 


It D2 ^2 f 02 - ■^ . 


q 7, 


\‘h 


^ __1 

Cos^ a. Sin a li^ 


r = 0 


or 


Hp 2 

(A 

^2 


1 

^2 *^2 


If, 


1 


f Sin a Cos a 


■) 


(32) 


(33) 


Ihorofore, an apparent coefficient of friction, {i , can 

o. 

be defined by making use of equations (6), (26) and (33) 
as follows ; 




a 


T 

P * 


or 


[X 


a 


/ f Sin a 
T2 v 


l‘F 


1 + C^ (D-l) 


(34) 
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wliGrc . 


|J-n = 2 [ 


T) Y. 


Dp p • p 




(35) 


Using equation (2), this rcducos to 

p 




0 / f Sin a r 


\/(l-E) oxp (o) 


oxp(c)+C^ 

2 , 5.2 Strain Hardening Effect ; 


] (36) 


During plastic deformation the material strain hardens 

and the nature of the strain-hardening curve depends on the 

v-h ■■ 

material. But for rigid plastic strain-hardening material, 
ludwik’s power law [12] can he used to account for the effect 
of strain-hardening. After neglecting the temperature and 
strain- re.te effects for the tine being, the strain- hardening 
effect is given by, 


n = + 3(e)'^s (37a) 

where ~d^, B and m arc material constants. 

Jaoul and his co-workers [lO] have suggested that 
experimental curves can bo divided into several regions, each 
characterised by an equation such as equation (37a). Depending 
upon the material properties, -fche strain-hardening effect can 
be evaluated using various mathematical expressions. One of 
the most goncral relationship is given by i4ellor [19] as 


— D. ^ 

0 = A' (B' -I- o) , 

where A', B' and m' arc- material constants. 


(37b) 
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5* 5 Redundant Work ; 

In practice^ the defomia-ticn in wire drawing is 
inhoEiogoncous e.nd hence, the energy'' required for the dofor- 
nation is more than the nininuri energy required for honogc™ 
noous defomo-tion. In the case of inhonogeneous defornation, 
internal shearing can occur vrhich docs not contribute to 
the observed change of shape as shown by the distortion of 
intorna.1 grids during extrusion and rolling [10] and additional 
work is required for defonoation. To account for this redun- 
dant work during the process, o in equations (l) and (37a) 
will bo replaced by fe. Therefore, fron equatioriS (1), 

(36) and (37a), 



22 


After defining a new variable o’ ' 

X 

(38) and (39) reduce to 


equations 


And 


dcr„' [ 0 , 

de ^ 


?— + S. I ^ Sin a 


-Cot 


VTi~®) exp (e) 


exp (e)+C2^ 

= [1. ^yi|iU.Cot a ^ 

\/(l-R) exp (e) 

-- — p r ] . 

(l-C^)^(l-R) exp (e)+ 


1 cr. 


a ' 

X 

- li _ 
^0 

^1 

®1 = 

0 9 

^x* 

l2._ 


o — 

'"2 - 

f In ( 


cr. 


1 > 
1-Pf 


where and ^2 ^'^e dimensionless drawing stresses. 
2.5 .4 Strain - Kite an d Temper a. t ure Effect s: 


(40) 


(41) 


Because of high sjpeeds involved in wire drawingj 
strain- rate hardening takes place. At the same time, part 
of the total energy supplied for deformation is absorbed 
by the material and raises its tempemture. Temperature and 
strain- rate are related with respect to their effects on the 
stress-strain curves for metalsj an increased strr.in-iate 
has similar effect as lowering of temperature, and vice 
versa [lO]. Bor accounting the effects of strain-rate and 
temperature at a particular value of strain, a commonly used 


i 
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rolationship is of the form [10], 

= g(z) . 

and z = £ exp H/R'T) , 


(42) 


where A H is the activation energy, e is strain--rate, z is 
the Zener-Hollomon parameter, .R' is the gas constant, T is 
absolute temperature and cj^ is the stress at a given strain 
e. Since the interpretation of the activation energies 
obtained, is by no means straight forward and hence the 
parameter holds only over narrow ranges of strain-rate 
and temperature [10]. Further simplification of equation 
(42) results in 

Oq = K [e exp (~-|)]^, (43) 

where n is a function of temperature and reduction, 

K is the yield stress at a given strain and is given by 

S = Oq + B e“. , (44) 

Therefore, including the effects of strain, strain-rate and 
temperature, the generalised 3’’ield^s tress ca.n be evaluated 
from, 

o = (Cq + B ^) [e exp (^)f . (45) 


In order to simplify the analysis only an average value of 
effective strain— rate will be considered. 
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2 . 5 . 4-» 1 P^*. Ayo r siffe Effectly n Strain--jE?at o : 

The value of strain-ro,te varies along the axial as 
well cas transverse directions. Therefore, for all practical 
purposes j Avit zur [2] suggcsxed a,n average value of the 
strain-rate and evaluated it from the expression, 


e = 


1 

V 


L ^ 


£ dv = 


3v 


Jv\/' 


dv 


(46) 


where is the strain at plane i in direction j, and 

V is the volume of the deformation zone II as shown 
in Pig.2,_2 and can he evaluated from. 


V = 


2% 1-Cos a 3 r, 3\^ 2% 


^ Sin-^ a 


(R/ - 




2 /— ^ 


(H-. 


Eo^) 


where, 


and 


(l+Gos a) Sin a 

(47) 


El = Bi/2 


(48) 


R. 


= D2/2 . 


As shown in Pig. 2.2, the deformation zone is bounded by 
the surface of the die vrith a cone of included angle 2a and 
two concentric surfaces and T- 2 . Assuming spherical 
coordinate system (r, 6, 0) in the deformation zone, the 
strain-rates, in the case of axial cylindrical symmetry with 


to 

0 axis, reduce to, 

* 

£ 

rr 

- ^ee 

= -2 

^re 

= ^ V2 

Sin 0 

%0 


0 - 


■00 


272 


Cos s 
r^ ’ 


where r^ is the radius of concentric surface Ii2* 


>( 49 ) 
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Substituting these values of the strain-iatos in equation ( 46 ) 
and integrating j, no got 


T 

e = .p(a). In 


(50) 


where v, the volume flow-rate of the deformed material is 
given by. 


V = TT V 2 1^2 ' 


(51) 


and 


F(a) = — ^ 2 — [1-Cos a /l- Sin^a 


Sin a 

1 


+ 


ln[ 




11 


12 


-]] 


/ 11 ^ 12 ) y i| Oos a +yi- g Sln^a 

(52) 

Hence from equations ( 47)5 (50) and (51), the average effective 
strain- rate is given by. 


Yr. (l+Cos a) Sin o:.P(a) 

i = i 1 » . 21n (Et/JU) . (53) 

2 ®2 (Ej^/Hg)’ - 1 ^ 

This value of the average effective strain-rate can be used 
in equation ( 45 ) to evaluate the generalised yield stress. 


2 . 5 • 4 . 2 Te mpera t ura. 


lence of ns 


In equation (45), the vr.lue of n depends on temperature 
as vrell as reduction. Alder and Phillips [ll] have pointed 
out that the value of strain— rate index (n) depends on the 
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homologous oompGrciturc (Ig) o-nd "the amount of comprossion. 
Assuming wiro dra.¥ing as a closed compression problem [8], 
tliG oifcct of temperature and reduction can bo incorpors-ted 
in ovs-luating n. However, e.n empirical relationship can be 
obtained for evaluating n. This has beon obtained from the 
experinontal data of Alder and Phillips [ll] and gives this 
relationship as , 

= .04 + 5 X lO""^ R . (54) 

Equation (54) holds onl 3 ?- for the range of temperatures less 
than 0.55 Tjjj, where is the melting point temper', ture of 
the material. For higher va.lues of temperature, the slope 
of tho curve changes and equation (-54) is not valid. In wire 
drawing operations, tho temperature rise is genern,lly small 
since most of the heat generated is carried away by tho 
lubricant. Experiments indicate that only about 10 percent 
of the heat generated is absorbed into tho work -material [lOj. 
Using equations (45), (53) and (54) the generalised yield 
stress is, 

O = [^o ® (f^)]^ s (55) 

where , 

T _ 3 ^ nsJ- . 2 In (It, /S,), 

a.nd 

n = (.04 + 5 X 10“^' R) Tg . 
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riiG stress distribution c?,n nou bo evaluated by substituting 
equation (60) in equation (l). 


Thus che effects of stro-iiij stro,in— rate , tcniperaturo, 
lubrication;, reduction etc. can be incorporated in the analysis 
of the wire dra,wing operation. Por a stra-in-hardening ma.torial 
the varia.tion of drawing stress with soni-die angle and 
reduction as pa.ra,metor can be evaluated using equations (ll), 
(27), (50 .), (40) and (41). Per incorporating thu effects of 
strain- rate along with strain-hardening, the activation 
energy (AH) in equation (55) is to.kon as zero and % = 1 
is substituted in equation (54). i5iow, using equations (l), 

( 36 ), ( 54 ) and ( 55 ) '^J’e can co.lculatc the variation of drawing 
stress with semi-dio .angle, taking reduction as a parameter. 

And to incorporo-to all the effects considered, use of equations 
( 1 ), (53), ( 54 ) and (55) arc made. After introducing the 
effects of vo.rious parameters, a differontia.1 equation of the 
following form is obta.inod, 


g = f (z, y, a, R, Y, T), 

where 

y(s^) = y^ (unknown), ji^) = (unknom), 

yi/yn = Constant (knovm). 

The fourth order Rungc— ICutta method ca.n be used for obtaining 
numerical solution of this equation. 


CHAPTER III 


RESULTS AND DISCUSSION 


Nunierical results have "been obtained for the set of 
input data given in Appendis 1, This data has been taken 
from reference [15]. Theoretical results have been obtained 
on computer using equations derived in the previous chapter. 

Since the published experimenta], on wire drawing are verj 

limited, most of the figures give theoretical results. 

^Jherever possible, results have been compared with previously 
published experimental values. 

Minimum film thickness has been theoretically evaluated 
for the experimental conditions used by Chris topherson and 
Naylor [3]. The strain-hardening curve for the soft copper 
wire used has been taken from [19], and is given in Appen- 
dix 1. It has also been assumed that the sxirface conditions 
of wire and die are such that hydrodynamic lubrication is 
achieved. The minimum film thickness for this condition was 
calculated to be 1.07 x 10~'^ cm. which is of the same order 
of magnitude as measured by Christophei^on and Naylor [3]. 
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For tho same c^awin^ conditions, Bodi's analysis [15] gives 
the ■■■'.iaiiimii film tliiciaiess as 1.44 x 10”^'' cm. The difference 
■between Bodi’s and present result is primarily because of 
the assumption made regarding the variation of film thickness 
within the die. hhile Bedi assumed this film thickness 
variation to be exponential, in the present wrk it is 
assumed to have a linear variation. 

Fig. (3.1) shows the variation in lubricant film 
thickness within the die for various reductions. The film 
thickness appears to increase as the reduction increases but 
this variation is not very significant. 

Figures (3.2) and (3.3) show the variation of apparent 
coefficient of friction with semi-dic angle at entrance and 
exit, respectively. For comparison, Bedi's results [15] using 
exponential variation in film thiclmess are also shown in 
these figures. These figures clearly show that the apparent 
coefficient of friction at both entrance and exit increases 
with increasing semi-cone angle. Fot onl 3 / the general 
pattern of tho curve but also tho magnitude of apparent 
coefficient of friction is very close to those obtained by 
Bedi [15]. 

Fig. (3.4) shows the variation of apparent coefficient 
of friction with reduction at the exit section of the die. 
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Again for comparison^Bocli* s results are also shown and it 
is clear that the iia.ture of the two curves arc quite similar. 

In Fig. ( 3 . 5 ), the dimensionless drax^ing stress has been 
plotted against semi-die angle for ve.rious values of reduc- 
tions. It is soon that there is an optimum die angle, at 
least in the lange of lovrer reductions. The optimum die 
angle, however, appears to vary with reduction. The value 
obtained in the present case appears to be around 2 degrees. 

The range of values for optimum die-angle obtained by 
Wistreich [4], Avitzur [2], and Green [16] was in the range 
of 2 to 4 degrees. In these earlier theories, the coefficient 
of friction was assumed to be constant, while in the present 
work this varies with the semi-cone angle, being zero at 
a = 0. The curves in Fig. (3.5) also show that there exists 
a maxima for optimum die-angle and tha.t there exists no 
optimum die -angle at high reductions. This may be because 
of the fact that apparent coefficient of frict4#n decreases 
rapidly xiith increase in reduction (Fig. (3.4)) while the 
redundant xfork decreases with increase in reduction. This 
does not allow the frictional work uo balance the redundant 
work and results in no optimum die angle at high reductions. 
Again Bedi’s results for exponential film thickness arc shown 
for comparison and shovrs close agreement. It may be mentioned 
that wire drawing can not be carried out at high reductions sue 
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as 0,6. Tho curves for higher reductions have been merely 
shown to indicate the variation in optimum die -angle with 
reduction. 

Comparison of present results v/ith those obtained 
by Bodi show fairly close agreement. This provides ample 
justification for using a simpler model of linear film 
thickness variation within the die. Such an assumption not 
only simplifies the analysis considerably and reduces com- 
putation time but also enables the extension of the theory 
to incorporate the effects of other paramcteia such as strain-* 
hardening, stir, in-rate, temperature etc. without unnecessarily 
complicating the analysis. Results so far quoted did not 
include the effects of strain -rate and temperature. 

Fig. (5.6) shows the variation of dimensionless 
drawing stress vrith so 'd-cono angle. Those results have been 
obtained a,fter including the effects of strain as well as 
strain rate hardoning. The nature of curves remain same as 
in previous case (Pig. (5.5)) except that the drawing stress 
shows a hi;^or value while the optimum die angle is slightly 
in the lower range. This reduction in optimum die-angle is 
most probably duo to cumulative effect of shear and frictional 
losses. The shear losses increaso with increasing strain 
rate hardening while the frictional looses remain more or 


less constant. 
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Plots of variation of dinensionloss drawing stress 
with seni-die angle at various reductions are shown in 
Pig. (3.7). It incorporates the effect of s train- hardening 
and strain-rate and temperature effects. Again the nature of 
curves are same except for hi^er values of optimum die-angle. 
In this case, the softening of the work material due to 
temperature effects results in decrease in shear work. 

Again, assuming the friction losses to remain same, a 
higher value for optimum die-angle would be expected. Hill 
and Tupper [20] have also shown that for a given reduction, 
the frictional contribution to the drawing stress decreases 
as dio-angle increases while the contribution from non- 
useful work increases. The present results seem to indicate 
this to be the case. 

For comparison, the effects of strain, strain-rate 
and tomperature on drawing stress arc shown in Fig. (3.8). 

VJhon optimum dio-anglos are plotted against reduc- 
tion (Pig. (3.9)), an optimum value is again obtained. 

Based on the results of Veiss [2l], Linicus ot.al.[22]. 

Hill and Tupper [20] indicate a linear variation of optimum 
dio-angle with reduction for very low and conotamt value of 
coefficient of friction. The present result, also indicates 
that for a strain, strain-rate and tempcre.turo sensitive 
material the optimum die^-anglc increases linearly but at 
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h-igh reductions the curve is no longer linear. This is 
apparently hecause of the fact that the apparent coefficient 
of friction decreases rs-pidly with increase in reduction 
(Fig. (3.4)), while it increases as scri-die angle increases 
(Fig. (3.2) and Fig. (3.3)). As inricatod earlier, higher 
values of optinura di8.-a.nglos arc obtained when the strain 
rate and temperature effects arc incorporated. The pattern 
of this variation of optimum die-angle with reduction also 
agrees qualitatively xxith the experi cntal results of 
Wistreich [6] who found this variation to he almost linear. 

For comparison with published experimental results [6] 
the theoretical results have again boon obtained for various 
values of reduction. The drawing conditions used by 
Wistreich [6]aro given in Appendix 1. Assuming a temperature 
rise of around 100 degrees, (i.c. a homologous temp. = 0.35), 
the di icnsionless drawing stress was calculated for various 
values of semi-dio angle. These results are shown in 
Fig. (3.10) which indicates reasonably good agreement 
between theoretical and experimental results. 


CtlilPTER IT 


COUCLUSIOII 


The thcorotical analysis for wire-drawing incorporating 
tho effects of strain, strain-rate, temperature and lubi’icant 
appears to yield results which, arc reasonably close to the 
published experimental values . The calculated value of 
minimum film thickness is also close to the measured value. 

The assumption of linear variation of film thickness within 
the die also appeal^ to bo reasonable since it yields results 
which agree qualitatively with the experimental values . This 
approximation simplifies the analysis considerably and allows 
for introduction of otro.in, strain-rate and temperature 
effects without rnnking the analysis cumbersome. 

Results indicate that the apparent coefficient of 
friction increases with increase in soni-dio angle but 
docrertseG with increase in reduction. Their olso exists 
an optimum diu-anglo ^jhicli gives minimum drawing stress. 

This optimum value, however, depends on reduction. For 
strain, strain-rate and temperature sonsitivo materials, 
the optimum dic-a,nglo increases lincp.rly in the practical 
range of reductions. 
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APPEirraz 1 

1 . 1 Mlnim uia Film Tliicknos s; 

Por evaluating the minimum film thickness H2, original 
experimental data of Christopherson and Naylor [3] quoted 
hy Bodi [15] was used. In their experiments a soft copper 
wire of 0.122 cm diameter was drawn to 0.1067 cm. diameter 
through a die of 6° included angle. The oil lubricant used 
had the coefficient of viscosity (Bq) ^<3er atmospheric 
pressiire at 25*^0 as 5.88 centipoises. The pressure coeffi- 
cient of viscosity of oil y as 2.5052 cm /Kg. The drawing 
force was observed as 11. 294 Kgf at drawing speed of 504.8 
cm/sec. with 4.989 of estimated tube-drag. 

(Hie strain-hardening curve for soft copper is given 
by Mellon [19] as 

a = 4575.1 (.016 + o)^*^ 

It is assumed that the surface conditions of wire and 
die wore such that at this speed the hydrodynamic conditions 
were prevailing. The coefficient of viscosity varies 
exponentially with pressure on the oil film and is given by 

ri = ol'-P . 

where, r) is the viscosity of the oil at pressure p and y is 
the coefficient of viscosity. Por making the calculation 
simpler, the average va.lue of the viscosity at average 
pressure is taken. 
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1.2 pimensio n less Drawing Stress ; 

For calculating the variation of dinensionless drawing 
stress with somi-die-angle, and reduction as parameter, the 
following data were used. For a wire of low carbon steel 
(.18 %0) having an initial yield stress of 2812.3 Eg/mm^, 
the empirical constants defining the strain hardening 
curve nay be evaluated byLubhahn and Felgar's [24] method, 
assuming the non-strain hardening portion of the curve to 
be of negligible length, to give 

Oq = 2812.3 Ig/nn^, B = 6468.5 Eg/mm^, 

m = 0.1342 

1.3 Calciilation of Activation Energy : 

Stress-strain curves at different temperatures 
involve two factors 2 first, the effect of tranperature on the 
flow-stress of a given strai'i hardened structure} second, the 
difference in structure pi*oduccd by a given strain at differeni 
temperatures. Th^o effects can be resolved by using a tempe- 
rature change test in x-rhich the metal is strained at a constani 

strain— rate at sons temperature Pi’C^<3etermined strain 

s^, then the temperature is changed suddenly to another tem- 
perature T 22 flow-stress is determined by applying 

a SEB,11 strain at this temperature. The temperature is then 
changed rapidly back to %1 and the specimen is strained 
further. This technique enables the reversible change in 
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flow— stress ‘botwoGn two fixod temporaturos at a constant 
strain-rato to be evaluated as a function of strain, 
furthermore p the value of can be obtained by [lO], 


AH = 


n 


^1 ^ 11^22 
In (— ).C 

°2 ■^ 22”^11 


from the given data [lO], = 25 Eg/mn^ at T 22 _= 273^ 


and 02 = 49 
evaluated. 


at T 22 ~ 180°K, the value of AH can be 


1.4 Coefficient of friction. 

To compare wiih the results of Bodi [15] the 
coefficient of friction is taken as 0 . 025 , althou^, it 
depends on generalised yield-stress, pressure, viscosity 
and velocity of the lubricant. But the apparent coefficient 
of viscosity varies with semi -die -angle and reduction. 


